Abbreviations tES = transcranial electrical stimulation tDCS = transcranial direct current stimulation tACS = transcranial alternating current stimulation tRNS = transcranial random noise stimulation
Introduction
Humans perceive tactile information via peripheral somatosensory receptor and recognize an object's properties, such as texture, shape, and orientation of an object. Tactile information first reaches primary somatosensory cortex and is sequentially processed in secondary somatosensory cortex and posterior parietal cortex [1] . In particular, primary somatosensory cortex plays an important role in discriminating tactile spatial information [2, 3, 4, 5] . In previous studies, it has been shown that tactile spatial discrimination performance is altered via changes in inhibitory circuit activity in primary somatosensory cortex [6, 7, 8] , resulting in the enhancement of tactile spatial discrimination performance by decreased inhibitory circuit activity.
Several studies have found that transcranial direct current stimulation (tDCS) reduces inhibitory circuit activity in primary somatosensory cortex and improves perceptual performance. Depression of the second of two closely spaced sensory-evoked potentials (SEPs) measured over somatosensory cortex (SEP paired-pulse depression, SEP-PPD) reflects inhibitory circuit activity. Rehmann et al. (2016) reported that anodal tDCS applied to primary somatosensory cortex reduced SEP-PPD [9] , suggesting modulation of inhibitory circuits. Moreover, anodal tDCS over primary somatosensory cortex improved tactile grating orientation discrimination task, which is a perceptual spatial discrimination task similar to tactile spatial two-point discrimination [10, 11, 12] . On the other hand, several studies reported little mean difference after tDCS, although a subgroup appeared to show some response [13, 14, 15, 16, 17, 18] . For instance, Wiethoff et al. (2014) reported that about a half of subjects showed increased J o u r n a l P r e -p r o o f 5 corticospinal excitability after anodal tDCS applied to primary motor cortex, while half showed no response [13] , suggesting that the overall group effect of anodal tDCS may be obscured by subject heterogeneity. These findings indicate the need to compare alternative interventions for reducing inhibitory circuits' activity in primary somatosensory cortex and improving perceptual performance. More recently, three additional types of transcranial electrical stimulation (tES) have been introduced that may be highly effective for modulating cortical excitability: transcranial alternating current stimulation (tACS) at constant stimulation frequency, transcranial random noise stimulation (tRNS) within a frequency band of 0.1-640 Hz, and transcranial pulsed current stimulation (tPCS) using direct current pulses separated by a constant inter-pulse interval (IPI). Moliadze et al. (2010) reported that 140-Hz tACS over primary motor cortex increased corticospinal excitability [19] . Similarly, Terney et al. (2008) found that tRNS applied to primary motor cortex was effective for increasing corticospinal excitability [20] . Thus, tES stimulus regimens in addition to tDCS may also reduce inhibitory circuit activities. Moreover, tDCS has also been shown to improve perception in a tactile grating orientation discrimination task [10, 11, 12] ; however, tACS, tRNS, and anodal tPCS have not been tested for efficacy in improving tactile orientation discrimination.
The purpose of this study was to investigate the effect of these tES regimens applied to the primary somatosensory cortex on SEP-PPD by individual analyses of SEP waveforms N20, P25, and N20/P25 and on the performance of a tactile orientation discrimination task.
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Material and methods

Subjects
Seventeen neurologically normal male subjects (age range, 21-25 years; mean ± standard deviation, 22.0 ± 1.1 years) participated in this study. Sixteen subjects were right handed, and one subject was left handed. All the subjects provided written informed consent before entering this study. This study was performed in accordance with the Declaration of Helsinki and was approved by the ethics committee of Niigata University of Health and Welfare. Figure 1 shows the schemata of the two experiments. In Experiment 1, we compared the effects of the different tES regimens applied over the primary somatosensory on SEP-PPD. All the subjects received tDCS, tACS, tRNS, tPCS, and sham stimulation regimens separated by at least 3 days in counterbalanced order. SEP-PPD was measured before and immediately after tES. Questionnaire scores on pain, itching, tingling, and eye flashing during application of tES were obtained.
Experimental procedure
In Experiment 2, we compared the effects of the same tES regimens (except tACS) on grating orientation discrimination (GOT) performance using the right index finger. Again, regimens were separated by at least 3 days and presented in counterbalanced order. In addition, questionnaire scores for pain, itching, tingling, and eye J o u r n a l P r e -p r o o f 7 flashing were obtained.
Paired-pulse evoked somatosensory potentials
We assessed inhibitory circuit strength in primary somatosensory cortex using the SEP-PPD protocol [8] . Briefly, we delivered single and paired stimuli to the right median nerve using a bipolar electrode connected to an electrical generator (SEN-7203; Nihon Kohden Co., Tokyo, Japan) through an isolator (SS-104; Nihon Kohden Co., Tokyo, Japan). The interval between single or paired pulses was set to 3 s and stimulation intensity was set to 120% of motor threshold, which was defined as the lowest intensity that induced a visible twitch in the thenar muscle. The pulse duration was set to 0.2 ms. The inter-pulse interval (IPI) for pair pulses was 100 ms. Single and paired-pulse stimuli were delivered 200 times to each subject and stimulus order (single or paired) was counterbalanced among subjects.
During SEP signal recording, the subjects were comfortably seated on a reclining chair in an electrically shielded room. The SEP signals were recorded using EPLYZER II (KISSEI COMTEC CO. Ltd., Nagano, Japan). The active electrode was located over the left primary somatosensory cortex, 2 cm posterior to C3 (C3'), and the reference electrode was located over the midfront (Fz) position according to the international 10-20 system [21] .
We measured the peak-to-peak amplitude between N20 and P25 (N20/P25) and the individual N20 and P25 component peak amplitudes in response to the first pulse (A1) directly from the SEP waveform. The peak-to-peak J o u r n a l P r e -p r o o f 8 amplitude of N20/P25 and the N20 and P25 component peaks in response to the second pulse (A2) were obtained by subtracting the SEP waveform response to the single pulse from the SEP waveform response to the pairedpulse. The values for N20/P25_SEP-PPD, N20_SEP-PPD, and P25_SEP-PPD are expressed as the ratio of the second SEP to the first (A2/A1). The SEP-PPD can be altered either by a change in A1 or A2. We also analyzed the SEP component amplitudes to the first and second pulse of the paired-pulse stimulation to reveal the specific cortical response altered by tES.
Grating orientation task
We evaluated tactile spatial discrimination performance at the tip of the right index finger using a grating discrimination task (GOT) commonly accepted as a measure of tactile spatial acuity [22, 23, 24] . During GOT, the subjects were comfortably seated blindfolded on a reclining chair. Tactile stimulation was applied by eight hemispherical domes with different groove widths (3.0, 2.0, 1.5, 1.2, 1.0, 0.75, 0.5, 0.35 mm) using a custommade device that automatically controls up-down movements of the domes (S-16026; Takei Scientific Instruments Co. Ltd., Niigata, Japan). Elevation speed of the hemispherical dome was set to 20 mm/s and tactile stimulation duration was set to 1 s based on a previous study [8] . The domes were presented in the following order: 3.0, 2.0, 1.5, 1.2, 1.0, 0.75, 0.5, and 0.35 mm. The grooves of the domes were randomly oriented orthogonal or parallel to the long axis of the index finger. Each orientation was presented 10 times. Immediately after touching the domes, J o u r n a l P r e -p r o o f 9 the subjects were requested to judge the dome orientation and press one button when they perceived the orthogonal direction or another when they perceived the parallel direction. Using the percentage of correct responses at each grating width, we estimated the grating orientation discrimination threshold for each subject (i.e., the smallest groove width at which the subject could reliably distinguish orthogonal from parallel orientation). Grating width was plotted against the percentage of correct responses and the relationship fitted by logistic regression based on a generalized linear model. The grating orientation discrimination threshold was calculated using the equation
where K1 and K2 are linear regression coefficients.
The groove widths employed in this study have different distances from the discrimination threshold for each subject, indicating that these groove widths might have different difficulty levels depending on the subject. Using this psychophysical curve, we also estimated the percentage of correct responses for each individual at 0.25 mm less than the individual grating orientation discrimination, at the threshold, and 0.25, 0.5, 0.75, and 1.0 mm above the threshold (termed Th−0.25, Th, Th+0.25, Th+0.5, Th+0.75, and Th+1, respectively). The estimated correct responses were calculated using the equation Estimated correct response = log (K1+K2×x)/(1+log (K1+K2×x)) where x is groove widths calculated using psychophysical curve (Th−0.25, Th, Th+0.25, Th+0.5, Th+0.75, and Th+1).
Application of different tES regimens
We delivered all tES regimens using DC-STIMULATOR PLUS (Neuroconn, Germany) through a pair of salinesoaked surface sponge electrodes (each 5 cm × 5 cm). In all conditions, tES was applied at a current intensity of 0.7 mA. Accordingly, the current density at the stimulation electrodes was 0.028 mA/cm 2 . The current was ramped up and down over the first and last 10 s of stimulation. Electrode impedance was maintained at < 10 kΩ. For tDCS, the anode electrode was located 3 cm posterior to C3 (left primary somatosensory cortex) with the cathode electrode over the contralateral orbit. Stimulation was delivered for 10 min. For tACS, the single electrode was 
Questionnaires
The questionnaire contained rating scales for the participant's subjective experiences of itching, tingling under the electrode, and eye flashing during tES. The subjects rated the subjective level of each using the same numeric rating scale (NRS).
Statistical analysis
In Experiment 1, first, we examined whether individual subject SEP-PPD, peak-to-peak amplitude of N20/P25, and peak amplitudes of the N20 and P25 components to the first and second pulse were normally distributed using the Shapiro-Wilk test. We compared N20/P25, N20, and P25_SEP-PPD immediately after each tES application to baseline values before tES using the Wilcoxon signed-rank test. Baseline SEP-PPD was compared among tES regimens using the Friedman test. In addition, we compared the peak amplitude of the N20 component in response to the first pulse (A1) and the second pulse (A2) immediately after each tES regimen to the corresponding baseline values using the Wilcoxon signed-rank test.
In Experiment 2, first, we examined if the grating orientation discrimination thresholds at the baseline and immediately after tES, the change in grating orientation discrimination threshold from baseline immediately after tES, and the percentage of correct response for each groove width and for each width from one 0.25 mm below to 1.00 mm above the grating orientation discrimination threshold (Th−0.25 mm to Th+1 mm) were normally distributed using the Shapiro-Wilk test. Then, we compared the grating orientation discrimination threshold and the percentage of correct responses for each groove width and for each individual at each distance above, at, and below the grating orientation discrimination threshold immediately after each tES to the baseline values using the Wilcoxon signed-rank test. The individual subject grating orientation discrimination threshold and the percentage of correct responses at each groove width and distance relative to the individual grating orientation discrimination threshold at the baseline were compared among tES conditions using the Friedman test.
SPSS ver25 for Mac was used to perform all the statistical analyses. Statistical significance was defined as P < 0.05. , and had no effect on P25_SEP-PPD and N20/P25_SEP-PPD (all P > 0.05, Wilcoxon signed-rank test). In contrast, tRNS, tACS, and sham stimulation had no effect on any SEP-PPD value (all P > 0.05, Wilcoxon signed-rank test).
RESULTS
Effects of different tES regimens on SEP amplitude and SEP-PPD (Experiment 1)
SEP-PPD can be altered by changes in either the first response amplitude (A1) or the second (A2). To reveal the specific cortical response altered by tES, we analyzed the effects on the first and second N20 responses separately in all tES conditions. Figure 4 shows the effects of each tES regimen on A1 and A2 for the N20 component. Anodal tDCS and tPCS had no effect on the first N20 response (anodal tDCS, t(17) = 0.923, P = 0.356; anodal tPCS, t(17) = 0.260, P = 0.795; Wilcoxon signed-rank test), but significantly increased the second N20 response (anodal tDCS, t(17) = 2.533, P = 0.011, r = 0.61; anodal tPCS, t(17) = 2.864, P = 0.004, r = 0.70; Wilcoxon signed-rank test).
Conversely, tRNS significantly increased the first N20 response (t(17) = 2.765, P = 0.007, r = 0.65; Wilcoxon signed-rank test), but had no effect on the second N20 response (t(17) = 0.024, P = 0.981; Wilcoxon signed-rank test). Alternatively, there was no effect of tACS and sham stimulation on the N20 component in response to the first or second pulse (all P > 0.05; Wilcoxon signed-rank test). These results indicate that the reduced N20_SEP-PPD following anodal tDCS and anodal tPCS was due to an increase in the second N20 response amplitude. Figure 5 shows the effects of tES on correct response rate (%) at all grating widths ( whereas tRNS had no effect on all grating width except for 1.0 mm width (all P > 0.05; Wilcoxon signed-rank test). Anodal tPCS significantly increased correct response rate at 1.5 mm width (t(17) = 2.069, P = 0.039, r = 0.50;
Effect of tES on perceptual performance in GOT (Experiment 2)
Wilcoxon signed-rank test). In contrast, anodal tDCS and sham stimulation had no effect on correct response at all grating width (all P > 0.05; Wilcoxon signed-rank test). However, there was also marked heterogeneity in individual subject discrimination threshold. Therefore, we analyzed the effects of tES on correct response rate (%) at all grating widths from 0.25 mm below to 1.0 mm above the individual grating orientation discrimination threshold (termed Th−0.25, Th, Th+0.25, Th+0.5, Th+0.75, and Th+1, respectively) for the entire subject cohort (Fig. 6) . In this analysis, tRNS significantly increased correct response rate at Th, Th+0.25, Th+0.5, and Th+0.75 Figure 7 shows the effects of tES on grating orientation discrimination threshold. We found no significant differences in baseline grating orientation discrimination threshold among Wilcoxon signed-rank test).
Subjective sensations during tES
All the subjects tolerated the applied current under each stimulation condition and there were no interruptions due to adverse effects. Table 1 and 2 summarizes ratings for itching, tingling, and eye flashing in both Experiment 1 and 2. The median NRS values were all low, suggesting that these sensations were mild. Eye flashing was significantly stronger during anodal tPCS than other tES regimens in both experiments (all P < 0.05, Wilcoxon signed-rank test), and tingling was significantly stronger during anodal tPCS than tRNS (P < 0.05, Wilcoxon signed-rank test). 
DISCUSSION
There are two important findings from this study. First, anodal tDCS and anodal tPCS applied to primary somatosensory cortex effectively decreased N20_SEP-PPD, and tRNS effectively increased the first N20 SEP amplitude of a paired-pulse. Second, tRNS and anodal tPCS applied to primary somatosensory cortex effectively improved GOT performance, while anodal tDCS had no effect.
Effect of different tES regimens on excitability in primary somatosensory cortex
Anodal tDCS had no effect on N20/P25_SEP-PPD or P25_SEP-PPD, but significantly decreased N20_SEP-PPD.
In contrast, a previous study found reduced N20/P25_SEP-PPD following anodal tDCS [9] . However, the properties of SEP-PPD appear to depend on the IPI. For example, Rehmann et al. (2016) used an IPI of 30 ms [9] .
Similarly, repeated tactile stimulation was reported to decrease N20/P25_SEP-PPD at an IPI of 30 ms, but had no effect at an IPI of 100 ms [6] , suggesting that the specific inhibitory circuits activated by the paired-pulse paradigm differ depending on IPI. Chowdhury et al. (2003) have reported that PPD at an IPI of 30 ms is associated with GABAB receptor activity in the primary somatosensory cortex; however, PPD at an IPI of 100 ms is associated with both GABAA and GABAB receptor activity in the primary somatosensory cortex [25] , suggesting that SEP-PPD at an IPI of 30 ms may be involved in GABAB-mediated inhibitory circuits, whereas SEP-PPD at an IPI of 30 ms may be involved in both GABAA-and GABAB-mediated inhibitory circuits. As in Hoffken et al. (2007), J o u r n a l P r e -p r o o f 25 we used an IPI of 100 ms, and found no effect of anodal tDCS on N20/P25_SEP-PPD. Moreover, the effect of anodal tDCS on SEP-PPD appears specific for individual SEP components, suggesting that distinct circuits in different cortical areas underlie N20/P25_SEP-PPD, N20_SEP-PPD, and P25_SEP-PPD. The N20 at position C3' appears to originate from area 3b [26] , whereas P25 at C3' arises from areas 1 and 2 [27] and 4 [28] . Therefore, anodal tDCS applied 3 cm posterior to C3 may selectively influence circuits mediating N20_SEP-PPD. Kim et al.
(2014) have reported that cortical GABA concentration was effectively reduced following anodal tDCS [29] , whereas Chowdhury et al. (2003) have reported that PPD is strongly associated with GABA receptor activity in the primary somatosensory cortex [25] , suggesting that anodal tDCS over the primary somatosensory cortex reduces N20_SEP-PPD by reducing GABAergic inhibitory circuit activity in area 3b. Furthermore, considering that the circuits mediating N20_SEP-PPD are included in the part of the circuits mediating N20/P25, anodal tDCS should affect not only N20_SEP-PPD but also N20/P25_SEP-PPD. However, N20 baseline to peak amplitude was smaller than P25 baseline to peak amplitude. Moreover, P25 baseline to peak amplitudes varied widely among subjects. Therefore, N20/P25_SEP-PPD remained unchanged by anodal tDCS over the primary somatosensory cortex, even if N20_SEP-PPD was reduced by anodal tDCS.
Like tDCS, anodal tPCS significantly decreased N20_SEP-PPD but had no effect on P25_SEP-PPD or N20/P25 SEP-PPD. Anodal tPCS is thought to modify neuronal excitability through both a tonic effect similar to that induced by tDCS and a phasic effect of the pulsatile current [30, 31] . Similar to tDCS, anodal tPCS increases corticospinal excitability [30, 31] . Considering that anodal tDCS effectively decreased N20_SEP-PPD in this study, anodal tPCS is also expected to reduce N20_SEP-PPD. Moreover, like tDCS, anodal tPCS reduced N20_SEP-PPD by selectively increasing the second N20 response. To our knowledge, the effect of anodal tPCS on GABA receptor activity has not been examined. However, given that anodal tDCS effectively modulates cortical GABA concentration and like tPCS selectively increased the second N20 response in this study, we believe it is likely that anodal tPCS reduced GABA receptor activity in primary somatosensory cortex.
Conversely, tRNS had no effect on SEP-PPD but effectively increased the first N20 response, suggesting that tRNS may increase cortical neuronal excitability without influencing GABAergic inhibitory circuit activity. A previous study found that a voltage-gated sodium channel blocker suppressed tRNS-induced cortical excitability [32] and Ziemann et al. (1996) reported that a voltage-gated sodium channel blocker increased resting motor threshold, suggesting reduced cortical excitability [33] . These findings suggest that tRNS effectively activates cortical voltage-gated sodium channels, resulting in increased neuronal activity. Thus, voltage-gated sodium channels may be involved in the increased first N20 component amplitude following tRNS. Furthermore, it is possible that tRNS has no effect on GABAergic inhibitory circuit activity. Terney et al. (2008) found that tRNS over primary motor cortex had no effect on short intracortical inhibition (SICI), GABAA-mediated inhibitory circuits and long intracortical inhibition, or GABAB-mediated inhibitory circuits [20] . However, the tRNS-induced cortical excitability increase was suppressed by a GABA agonist [32] ; therefore, additional studies are necessary J o u r n a l P r e -p r o o f 27 to assess whether tRNS influences cortical GABA receptor activity.
Application of tACS had no effect on SEP-PPD, the first N20 response amplitude, or the second N20 response amplitude. Alternatively, a previous study found that 140-Hz tACS to primary motor cortex effectively decreased SICI [19] . However, Moliadze et al. (2012) found that tACS at a current density of 0.025 mA/cm 2 did not reduce corticospinal excitability until 20 min after stimulation [34] , strongly suggesting that corticospinal excitability was unchanged immediately after tACS in our experiments using a similar current density (0.028 mA/cm 2 ).
Effect of tES on perceptual performance in a GOT
Anodal tDCS was without effect on a tactile orientation discrimination task. In contrast, reported that anodal tDCS significantly improved GOT performance [10] . However, the effect of tDCS appears to increase at higher current density [35] , and the current density of anodal tDCS employed in this study (0.028 mA/cm 2 ) was lower than that used by [10] (0.04 mA/cm 2 ). Therefore, the current density of anodal tDCS employed in this study might be insufficient to improve perceptual performance. On the other hand, Rehmann et al. (2016) found that tDCS at 0.029 mA/cm 2 effectively decreased SEP-PPD, in accord with our results [9] .
While anodal tDCS had no effect on performance of a tactile orientation discrimination task, anodal tPCS effectively improved GOT performance. Anodal tPCS over primary motor cortex increased corticospinal excitability to a greater extent than anodal tDCS [30, 31] , suggesting that the anodal tPCS regimen but not tDCS enhanced excitability of primary somatosensory cortex sufficiently to improve GOT performance.
Application of tRNS to primary somatosensory cortex also significantly improved perceptual performance in the GOT, which to our knowledge is the first such demonstration. Similarly, tRNS applied to primary visual cortex improved visual acuity and contrast sensitivity [36] and visual orientation discrimination task performance [37] .
CONCLUSION
Different tES regimens had distinct effects on neuronal excitability and inhibitory circuit activity in primary somatosensory cortex as well as on performance of a tactile orientation discrimination task. tRNS applied to primary somatosensory cortex effectively increased the first N20 SEP amplitude and improved perceptual discrimination. On the other hand, anodal tPCS strongly increased the second N20 waveform (thereby reducing SEP-PPD) and improved perceptual discrimination. We suggest that more precise delivery of tRNS and anodal tPCS at optimal settings to specific regions of cortex may effectively improve somatosensory function in neurologically normal people.
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